Matter structured on a length scale comparable to or smaller than the wavelength of light can exhibit unusual optical properties 1 . Particularly promising components for such materials are metal nanostructures, where structural alterations provide a straightforward means of tailoring their surface plasmon resonances and hence their interaction with light 2,3 . But the top-down fabrication of plasmonic materials with controlled optical responses in the visible spectral range remains challenging, because lithographic methods are limited in resolution and in their ability to generate genuinely threedimensional architectures 4,5 . Molecular self-assembly 6,7 provides an alternative bottom-up fabrication route not restricted by these limitations, and DNA-and peptide-directed assembly have proved to be viable methods for the controlled arrangement of metal nanoparticles in complex and also chiral geometries [8] [9] [10] [11] [12] [13] [14] . Here we show that DNA origami 15,16 enables the high-yield production of plasmonic structures that contain nanoparticles arranged in nanometre-scale helices. We find, in agreement with theoretical predictions 17 , that the structures in solution exhibit defined circular dichroism and optical rotatory dispersion effects at visible wavelengths that originate from the collective plasmon-plasmon interactions of the nanoparticles positioned with an accuracy better than two nanometres. Circular dichroism effects in the visible part of the spectrum have been achieved by exploiting the chiral morphology of organic molecules and the plasmonic properties of nanoparticles 18-20 , or even without precise control over the spatial configuration of the nanoparticles 12, 21, 22 . In contrast, the optical response of our nanoparticle assemblies is rationally designed and tunable in handedness, colour and intensity-in accordance with our theoretical model.
Matter structured on a length scale comparable to or smaller than the wavelength of light can exhibit unusual optical properties 1 . Particularly promising components for such materials are metal nanostructures, where structural alterations provide a straightforward means of tailoring their surface plasmon resonances and hence their interaction with light 2, 3 . But the top-down fabrication of plasmonic materials with controlled optical responses in the visible spectral range remains challenging, because lithographic methods are limited in resolution and in their ability to generate genuinely threedimensional architectures 4, 5 . Molecular self-assembly 6, 7 provides an alternative bottom-up fabrication route not restricted by these limitations, and DNA-and peptide-directed assembly have proved to be viable methods for the controlled arrangement of metal nanoparticles in complex and also chiral geometries [8] [9] [10] [11] [12] [13] [14] . Here we show that DNA origami 15, 16 enables the high-yield production of plasmonic structures that contain nanoparticles arranged in nanometre-scale helices. We find, in agreement with theoretical predictions 17 , that the structures in solution exhibit defined circular dichroism and optical rotatory dispersion effects at visible wavelengths that originate from the collective plasmon-plasmon interactions of the nanoparticles positioned with an accuracy better than two nanometres. Circular dichroism effects in the visible part of the spectrum have been achieved by exploiting the chiral morphology of organic molecules and the plasmonic properties of nanoparticles [18] [19] [20] , or even without precise control over the spatial configuration of the nanoparticles 12, 21, 22 . In contrast, the optical response of our nanoparticle assemblies is rationally designed and tunable in handedness, colour and intensity-in accordance with our theoretical model.
To demonstrate the potential of DNA origami for the programmable and nanometre-precise design of plasmonic nanostructures, we targeted an optical response that emerges as a collective effect from spatially precisely arranged multiple nanoparticles in close proximity, and that requires genuinely three-dimensional structures. The response of helically arranged metallic nanocrystals to an electromagnetic field meets both criteria. Much like the circular dichroism (CD, the differential absorption of left and right circularly polarized light) effect seen with 'optically active' chiral molecules such as DNA and proteins that exhibit CD in the ultraviolet and infrared ranges owing to the electronic and vibronic excitations of their chiral secondary structure 23 , strong CD signals in the visible spectrum have been predicted to occur through collective Coulomb interaction of plasmonic dipoles in chiral assemblies of metal nanoparticles 17 . (See Supplementary Information notes 1 and 2 for information on naturally occurring CD, and on the theoretical framework of plasmon-induced CD.)
To create helical nanoparticle assemblies, we used the DNA origami 15, 16 approach where hundreds of rationally designed 'staple' oligonucleotides are hybridized to a long single-stranded DNA scaffold to force it into a specific two-or three-dimensional shape. The resulting objects are fully addressable by their DNA sequence, enabling further decoration and functionalization in a unique, sequence-specific manner 24 . Geometrical and material parameters can be tailored by simple adjustments of the design and fabrication protocols, which should make it feasible to quantitatively tune the optical activity of such nanostructures dispersed in solution. Figure 1a illustrates the nanostructure design (design details and DNA sequences are given in Supplementary Information note 3). It is based on DNA origami 24-helix bundles that offer nine helically arranged attachment sites for plasmonic particles coated with singlestranded DNA, here gold nanoparticles with a diameter of 10 nm. By using nanoparticles covered with multiple linker strands, we can avoid yield-lowering purification procedures and instead add an excess of modified gold particles for hybridization to the DNA structures; unconjugated gold particles are simply removed for re-use in later experiments. The quality of the assemblies was assessed by transmission electron microscopy (TEM) ( Fig. 1b ) (experimental details and additional TEM images can be found in Supplementary Information note 4). The strength of the optical activity critically depends on the quality of the assembled structures 25 , so we improved our experimental protocol to achieve a nanoparticle attachment yield of 96% and 98% per site and an overall yield of 77% and 86% of perfect assemblies of right-and left-handed helices with nine nanoparticles, respectively (Supplementary Information note 5). Most of the imperfect structures exhibited only a single defect within an otherwise well-formed helix. Helices stored for three months at 4 uC were still intact (Supplementary Information note 6). As illustrated in Fig. 1c , CD measurements were then carried out on solutions containing left-or right-handed nanohelices.
Left-handed helical arrangements of plasmonic particles are expected to produce a CD signal with a characteristic bisignate peakdip shape, with the peak centred around the plasmon resonance frequency. Right-handed helices should produce a vertically mirrored dip-peak signal. Indeed, CD spectra measured on samples with gold nanoparticle assemblies of both helicities exhibited the anticipated signatures ( Fig. 2a ). These responses arise because the helical arrangement of the gold nanoparticles results in coupled plasmon waves propagating along a helical path and causing increased absorption of those components of the incident light that are in accord with the handedness of the helices. The bisignate appearance of the CD signals results from the isotropic nature of our samples, in which the nanohelices are randomly oriented with respect to the direction of the incident light. The interactions between the individual gold particles within each helix create a splitting between the longitudinal and transverse modes of the electromagnetic wave, and these modes typically have opposite chirality. As a result, the plasmonic CD spectrum acquires the characteristic dip-peak shape (Supplementary Information note 2).
The experimental spectra agree well with theoretical calculations based on classical electrodynamics (Fig. 2b) . The strongest absorption of circularly polarized light is predicted in the vicinity of the surface plasmon frequency of the metal nanoparticles, as experimentally seen with our assemblies. Strikingly, even the strength of the measured signals closely matches the magnitude predicted by the calculations. We further confirmed theoretically that the CD signal remains robust to positional perturbations of the individual particles (see Supplementary Information note 2).
The dipole theory 17 predicts that the CD signal becomes stronger when the particles are either larger or arranged in a tighter helix:
where a NP and R 0 are the nanoparticle and helix radii, respectively. We quantified the influence of particle size on the CD signal by using electroless deposition of metal from solution 26,27 onto 10-nm seeding particles that were already assembled into the helical geometry described in Fig. 1 (see Supplementary Information note 7 for experimental details and additional TEM images). CD measurements of these 'enhanced' samples showed two notable effects ( Fig. 2c ): the signal strength increased up to 400-fold for nanoparticle diameters of 16 6 2 nm, and the absorption as well as the CD peak shifted to longer wavelengths. These results are consistent with theoretical predictions for the plasmonic CD effect. A simple estimate for the CD signal increase based on equation (1) and assuming a particle size of 16 nm yields an enhancement of about 280, and quantitative numerical calculations predict an enhancement of about 500. As in the experiments, the calculated CD for larger particles and the same helix radius is also red-shifted ( Fig. 2d) , which is typical for strongly interacting plasmonic nanocrystals 28 . Taken together, these observations illustrate that desired optical behaviour can be designed and realized by exploiting the collective interactions between plasmonic particles attached with close to 100% yield and positioned with nanometre-scale precision.
To generate CD at other wavelengths, we plated silver onto preassembled 10-nm gold particle helices and thereby produced a silver shell of about 3 nm around each of the gold nanoparticles. Plasmon resonances in silver occur at a shorter wavelength than in gold, so the Experimental (a and c) and theoretical (b and d) CD spectra of left-handed (red lines) and right-handed (blue lines) helices of nine gold nanoparticles show characteristic bisignate signatures in the visible. a, CD spectra of nanohelices composed of 10-nm gold particles. The peak position in the spectra of lefthanded helices (indicated by the arrow) coincides with the plasmon absorption resonance maximum. b, The theoretically predicted CDs for the geometries in a exhibit the same features; the peak positions and amplitudes are in remarkable agreement with the experiment. c, The CD signal increases owing to collective plasmonic enhancement by a factor of 400 for assemblies of nanoparticles with 16-nm diameter, rendering the noise in the spectra invisible (as in a). The peak position for left-handed helices exhibits a red-shift from 524 nm to 545 nm. d, The corresponding theoretical calculation predicts a 500-fold enhancement of the signal and a peak shift from 523 nm to 534 nm. The CD spectra were recorded at concentrations of nanohelices of 1. 
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recorded CD spectra were shifted into the blue spectral region (Fig. 3a) .
To fine-tune the optical response to intermediate wavelengths, we used mixtures of gold and silver ions in the plating solution to grow alloy shells around the seed particles. Figure 3a presents a TEM image (upper inset) with the corresponding CD spectrum of an alloy-coated structure. As expected, the CD signal for the alloy helices appears at an intermediate wavelength (absorption spectra and additional CD spectra are presented in Supplementary Information note 8) . Mixing of solutions containing different types of structures resulted in a linear superposition of the corresponding spectra (Fig. 3a) . These experiments indicate the potential of our assembly method for the fabrication of optically active materials with customized spectral response.
To visualize the collective optical activity of our self-assembled nanohelices in a macroscopic optical experiment, we exposed gold nanoparticle helices to excessive amounts of silver ions during electroless metal deposition and thereby achieved a giant molar CD of around 10 8 M 21 cm 21 . The corresponding spectra are presented in Fig. 3b . Droplets of samples containing left-handed or right-handed helices and a non-helical control droplet were placed onto a glass slide between two linear polarizers. As demonstrated in Fig. 4 with polarizationresolved transmission images, the droplets with gold helices rotate the polarization angle of the linearly polarized light. Although our set-up is insensitive to polarization below 550 nm, rotation of the polarization axis of the linearly polarized light was detected for both right-and left-handed helices in the red band of the visible spectrum. The observation is in accordance with the effect of optical rotatory dispersion, which is characteristic of chiral materials exhibiting CD. In the case of our right-handed ''metafluid'' 29 , the polarization axis is rotated clockwise (or counter-clockwise) at wavelengths above (or below) 560 nm; the opposite effect is seen with the left-handed nanohelices. The control sample containing isotropically dispersed 10-nm gold nanoparticles exhibited no such optical activity. Further details on the materials characteristics (anisotropy factor and specific rotation) can be found in Supplementary Information notes 8 and 9.
In future experiments we will explore the possibility of realizing materials with a negative refractive index without the requirement of either e or m being negative 30 , using fluids with oriented or densely packed plasmonic helices, which should lead to a further increase of the chiral optical response. But irrespective of whether this goal can be realized, the present findings clearly establish DNA origami as a valuable addition to the existing tools at the material engineer's disposal for precisely arranging nanoparticles into assemblies with desired electric or magnetic properties. a, A pronounced blueshift of the peak position in the CD response was achieved by depositing several nanometres of silver on gold nanoparticles of diameter 10 nm (blue spectrum of left-handed gold-core/silver-shell nanohelices; red spectrum from Fig. 2c is shown for reference). Growth of silver1gold alloy shells gives rise to an intermediate blueshift (green spectrum of left-handed gold-core/silver1gold-shell helices). Mixing of solutions that contain nanohelices of various metal compositions results in a superposition of individual CD responses (black spectrum): a 2:3 mixture of gold-core/silvershell (blue spectrum) and gold-core/silver1gold-shell (green spectrum) exhibits CD close to the predicted superposition (dashed black line; black curves were rescaled by a factor of 1.7 for presentation purposes). b, Excessive metal deposition leads to the merging of nanoparticles and further enhancement of the CD signal for the left-handed (orange spectrum) and righthanded (purple spectrum) gold-core/silver-shell helices. The corresponding molar CD in the visible spectrum is huge with a strength of about 
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